Abstract. Stratigraphy, detailed structural mapping and a crustal-scale cross section across the NW Zagros collision zone provide constraints on the spatial evolution of oblique convergence of the Arabian and Eurasian plates since the Late Cretaceous. The Zagros collision zone in NW Iran consists of the internal Sanandaj-Sirjan, Gaveh Rud and Ophiolite zones and the external Bisotoun, Radiolarite and High Zagros zones. The Main Zagros Thrust is the major structure of the Zagros suture zone. Two stages of oblique deformation are recognized in the external part of the NW Zagros in Iran. In the early stage, coexisting dextral strike-slip and reverse dominated domains in the Radiolarite zone developed in response to deformation partitioning due to oblique convergence. Dextral-reverse faults in the Bisotoun zone are also compatible with oblique convergence. In the late stage, deformation partitioning occurred during southeastward propagation of the Zagros orogeny towards its foreland resulting in synchronous development of orogen-parallel strikeslip and thrust faults. It is proposed that the first stage was related to Late Cretaceous oblique obduction, while the second stage resulted from Cenozoic collision. The Cenozoic orogen-parallel strike-slip component of Zagros oblique convergence is not confined to the Zagros suture zone (Main Recent Fault) but also occurred in the external part (MarekhilRavansar fault system). Thus, it is proposed that oblique convergence of Arabian and Eurasian plates in Zagros collision zone initiated with oblique obduction in the Late Cretaceous followed by oblique collision in the late Tertiary, consistent with global plate reconstructions.
Introduction
As an active orogeny, the Zagros Mountains are evolving through the convergence of the Arabian and Eurasian plates (Fig. 1) . The Zagros collision zone in the NW of Iran comprises the internal Sanandaj-Sirjan, Gaveh Rud and Ophiolite zones, and the external Bisotoun, Radiolarite and High Zagros zones (Fig. 1) . Zagros orogeny started with obduction of Neotethys oceanic crust upon the Arabian Plate in the Late Cretaceous (Gidon et al., 1974; Kazmin et al., 1986; Karim et al., 2011) followed by early Miocene continent-continent collision of the Arabian Plate with central Iran (Mouthereau et al., 2007 (Mouthereau et al., , 2012 Allen and Armstrong, 2008; McQuarrie and van Hinsbergen, 2013) . Late Cretaceous obduction caused deformation at the northeastern margin of the Arabian Plate, the Neotethys passive margin, (i.e., the Bisotoun and Radiolarite zones) (Gidon et al., 1974; Kazmin et al., 1986; Agard et al., 2005) , while Cenozoic collision caused southwestward propagation of Zagros orogeny towards its external Folded Belt zone (Falcon, 1974; Berberian, 1995; Hessami et al., 2001) .
GPS measurements show that present Arabian Plate movement is oblique towards central Iran (Vernant et al., 2004) . Transpressional zones and strike-slip faults in the Zagros are likely manifestations of the oblique convergence, but their spatial and temporal evolution and their distribution across it remains controversial. It is generally believed that the major belt parallel faults (e.g., Main Recent Fault, MRF) and transverse faults (Kazerun, Karebas, Sabzpoushan and Sarvestan faults) accommodate almost the entire strike-slip component of the Zagros orogeny during Cenozoic continentcontinent collision (Berberian, 1995; Talebian and Jackson, 2002; Allen et al., 2004; Authemayou et al., 2006; Hatzfeld and Molnar, 2010) . Similarly, ductile transpression was also Published by Copernicus Publications on behalf of the European Geosciences Union.
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Shahriar Sadeghi and Ali Yassaghi: Spatial evolution of Zagros collision zone in Kurdistan, NW Iran S a n a n d a j -S i r j a n z o n e K ir k u k e m b a y m e n t L o r e s ta n s a li e n t proposed for the evolution of the internal part of the Zagros (Sanandaj-Sirjan zone) (Mohajjel and Fergusson, 2000; Mohajjel et al., 2003; Sarkarinejad, 2007; Sarkarinejad and Azizi, 2008) . However, structural data that constrain evolution of the Zagros collision zone by oblique convergence since the Late Cretaceous are sparse. In this paper, stratigraphy, detailed structural mapping and a regional geological cross section are used to constrain the spatial evolution of the Zagros oblique convergence. This study in particular focuses on the external Bisotoun, Radiolarite and High Zagros zones (Fig. 1) in the Iranian Kurdistan area of the Zagros collision zone. Structural constraints on the oblique convergence of the Zagros collision zone in the Cenozoic during its southwestward propagation followed by development of transverse strike-slip faults are also discussed.
Tectonic setting
The Zagros orogen comprises the internal Sanandaj-Sirjan zone and the external Zagros Fold-Thrust Belt, separated by the Main Zagros Thrust (Falcon, 1974; Berberian, 1995; Mohajjel and Fergusson, 2000; Agard et al., 2005) . In the Iranian Kurdistan area, the Zagros orogen is composed of seven zones as the Sanandaj-Sirjan, Gaveh Rud, Ophiolite, Bisotoun, Radiolarite, High Zagros and Folded Belt zones (Fig. 1) . These zones are inherited from Permian-Triassic extensional events related to the opening of Neotethys and Late Cretaceous to Cenozoic compressional events. The Main Zagros Thrust (MZT), which separates the Ophiolites, Gaveh Rud and Sanandaj-Sirjan zones from the Bisotoun, Radiolarite and High Zagros zones, is considered here as the Zagros suture zone, though it is proposed as one of the suture zone faults toward the SE (Nemati and Yassaghi, 2010) . In this study we use the term Zagros collision zone for the Sanandaj-Sirjan zone, Gaveh Rud volcanic arc, Ophiolite, Bisotoun platform, Radiolarite and High Zagros zones (Fig. 1) .
Ophiolite, Gaveh Rud and Sanandaj-Sirjan zones are the internal part of the Zagros orogen emplaced at the margin of the Arabian Plate during closure of the Neotethys Ocean. The ophiolite zone is the remnant of Neotethyan oceanic crust obducted over the Arabian Platform in the Late Cretaceous to early Paleocene (Kazmin, 1986; Agard et al., 2011; Karim et al., 2011) . The Gaveh Rud zone comprises volcanosedimentary units more likely formed as the forearc basin of the Sanandaj-Sirjan Arc (Homke et al., 2010) or intraoceanic island arc within the intervening Neotethys Ocean (Ali et al., 2013) . It collided with the margin of the Arabian Plate in the Oligocene-early Miocene (23-16 Ma) (Homke et al., 2010; Vergés et al., 2011; Ali et al., 2013) . In Iraq, the Gaveh Rud zone is named as the Walash and Naopurdan groups (Ali et al., 2013) . The Sanandaj-Sirjan zone has long-lived deformation and magmatism related to Mesozoic subduction (Mohajjel et al., 2003; Azizi and Jahangiri, 2008) and the early Miocene collision (Berberian, 1995; McQuarrie and van Hinsbergen, 2013) .
The High Zagros and Folded Belt zones (including the Lorestan salient and Kirkuk Embayment in Fig. 1 ) evolved on the Zagros passive continental margin. They comprise Permian-Triassic to Cenozoic, thick shelf deposits with some facies changes and discontinuities (James and Wynd, 1965; Koop and Stoneley, 1982; Harrison et al., 1984; Beydoun, 1991) . The major differences between the Lorestan Salient and the Dezful Embayment arise from differences in the basal décollement rheology (viscous in the Lorestan vs. frictional in the Dezful Embayment) during deformation as well as absence of the middle décollements (e.g., Dashtak Formation) in the southern part of the Dezful Embayment (Sherkati et al., 2006; Farzipour-Saein et al., 2009 , 2014 .
The Bisotoun and Radiolarite zones resulted from thinning of the Arabian Plate during Neotethys opening in PermianTriassic time (Searle and Graham, 1982; Kazmin et al., 1986; Fontaine et al., 1989) . The Bisotoun zone (or Bisotoun platform) is composed of thick carbonate deposits at the northeastern rim of the Arabian Plate. The Radiolarite zone is 50 to 70 km wide and developed as a marginal basin (Radiolarite basin) between the Bisotoun platform and the rest of the Arabian Platform (i.e., High Zagros and Folded Belt zones) (Ricou et al., 1977; Wrobel-Daveau et al., 2010; Vergés et al., 2011) (Figs. 1 and 2 ). 
Tectonostratigraphy of the Zagros collision zone
Stratigraphic columns of sedimentary basins in the Kurdistan area of the Zagros collision zone (Bisotoun platform, Radiolarite basin, High Zagros zone and Lorestan salient) are shown in Fig. 3 . The main tectonostratigraphic events are detailed below.
-From Triassic to Jurassic the Radiolarite basin existed at the northeast margin of the Arabian Platform separated by the Bisotoun platform from the Neotethys Ocean. Carbonate rocks and shales were deposited in both Bisotoun (Braud, 1987) and Arabian platforms (James and Wynd, 1965; Koop and Stoneley, 1982; Sherkati et al., 2006) . The Radiolarite basin is filled by up to 300 m of rhythmically thin-bedded cherts alternating with millimeter-thick shale (Gharib and De Wever, 2010) (Fig. 3 ).
-During the Early Cretaceous, the thickness of the Garau Formation pelagic sediments increased from 200 m in the Folded Belt zone to about 1200 m in the High Zagros zone. This variation is likely related to normal slip along the High Zagros Fault (HZF) and other normal faults in the High Zagros zone. At the same time, in the Radiolarite basin, thick sediments (up to 1200 m) consist of radiolarian cherts with slivers of limestone, and brecciated limestones/turbidites were deposited (unit Ra-Li in Fig. 3 ). These variations reflect simultaneous subsidence of both the High Zagros and Radiolarite basins in the hanging wall of the HZF.
-In the Cenomanian-Turonian, subsidence in the Radiolarite basin and High Zagros decreased, which resulted in sedimentation of the carbonate Ilam-Sarvak formations over the High Zagros and Folded Belt zones. At the same time, the Radiolarite basin filled with thick conglomerates (unit C in Fig. 3 ) (500 to 1400 m of pebble and small boulders of limestone and brecciated limestone) (Jassim and Buday, 2006) .
The sedimentary basins across the northeastern margin of the Arabian Plate were active until the Late Cretaceous (Fig. 4) . Obduction of the Neotethys oceanic crust in the Late Cretaceous-Paleocene is recorded in the stratigraphic column of the Zagros Folded Belt zone by deposition of the Amiran Formation (i.e., Amiran flysh) (Fig. 3 ). Besides unconformities in the Radiolarite zone (Karim et al., 2011) , this tectonic event also caused unconformities in Campanian and Maastrichtian sedimentary cover of the High Zagros zone (Karim et al., 2011) . Similarly, development of the growth strata in Campanian-Maastrichtian limestone of the Gurpi Formation in the High Zagros zone (Fig. 5 ) is also considered to be the result of this tectonic event.
Structure of the Zagros collision zone
In this section, detailed structural mapping, together with a regional cross section using field and available stratigraphic data, is presented for the Kermanshah-Sulaimani (KS) and Salas areas of the Kurdistan region in NW Iran. The KS area is a long sector parallel to the main trend of the Zagros (Figs. 2 and 7). The area covers the Bisotoun, Radiolarite and High Zagros zones. The MZT, HZF, Kermanshah Fault (KF) and MRF are major well-known faults within this area. The Marekhil Fault (MF), Paveh Fault (PvF) and Ravansar Fault (RF) are mapped in this study (Fig. 7) .
The Salas is located in the western part of the Lorestan Salient (Posht-e-Kuh arc) near to the Kirkuk Embayment of the Zagros Folded Belt zone (Figs. 2 and 15).
Regional geological cross section
A regional geological cross section across the Zagros collision zone in NW Iran (Fig. 6 ) is drawn using direct field measurements, present stratigraphic data, as well as assumptions about stratigraphy, time and style of deformation as follows.
-The Phanerozoic sedimentary succession of the Zagros comprises 7-12 km (Alavi, 2004) or up to 12 km (Colman-Sadd, 1978; Falcon, 1974; James and Wynd, 1965; Stocklin, 1968) of sediments including Paleozoic, Mesozoic and Cenozoic strata. We considered the thick- Thrust. This stratigraphic column was prepared using present stratigraphic columns (e.g., Farzipour-Saein et al., 2009; Motiei, 1993) and Radiolarite basin in Iran (Gharib and De Wever, 2010) and Iraq (Jassim and Buday, 2006) , as well as field measurements during this study (A to F line of cross section in Fig. 2 ). ness of about 12 km (Fig. 3) for this succession in construction of the cross section (Fig. 6 ).
-Deformation in the Bisotoun (platform) and Radiolarite (basin) zones occurred as thin-skinned tectonics during the Late Cretaceous (Kazmin et al., 1986) . Thickskinned tectonics, thus, did not have any major effect on the overall deformation of these zones.
-After collision of the Arabian Plate with central Iran, a thick viscous layer at the base of the sedimentary cover (i.e., Hormoz salt) (McQuarrie, 2004) or its equivalents (Sherkati and Letouzey, 2004 ) formed a basal décolle-ment zone decoupling basement from the cover during Figure 5 . Growth syncline in the limestones of the Gurpi Formation (Campanian-Maastrichtian in age) in the High Zagros zone (see Fig. 2 for the location).
the deformation. The Mountain Front Fault is considered as the SE boundary of the Hormoz salt or its equivalent shale units (McQuarrie, 2004) (Fig. 6 ).
-The timing of basement deformation is still under debate, but is commonly assumed to occur in the late Cenozoic (e.g., Molinaro et al., 2005; Casciello et al., 2009; Mouthereau et al., 2007) .
Restoration of the cross section has been carried out using the line-length balancing technique for all formations except for the Hormoz salt and Radiolarite zone sediments in which the area-balancing technique was applied (Fig. 6b) . For the Hormoz salt and Radiolarite zone, 1.5 and 2.5 km of thickness are assumed, respectively. The area of the Radiolarite zone is estimated based on its surface exposure (breadth) and depth of basement under the Radiolarite zone. The total shortening of 62 km is measured for the Zagros external parts (distance between L3 in Fig. 6a and L'3 in Fig. 6b ). The 13 km of this shortening is estimated for the sedimentary cover of both the High Zagros and Folded Belt zones where line-length balancing is applied. The remaining 49 km of shortening is estimated for the Bisotoun and Radiolarite zones using area balancing (distance between L2 and L'2 in Fig. 6b ).
Structure of the Kermanshah-Sulaimani (KS) area

Early structures
Fault zones
The High Zagros Fault (HZF) and Kermanshah Fault (KF) are major reverse faults in the KS area. The HZF is the southwestern boundary of the High Zagros zone, and it controlled basin subsidence of the Garau Formation during the Early Cretaceous (refer to Sect. 3). In the KS area, the HZF zone is well exposed and is about 300 m in width in which several fault planes and associated asymmetric folds are mapped (Figs. 7 and 8 ). These asymmetric folds plunging towards the southeast (Fig. 8b) are developed by oblique faulting with a notable strike-slip component (note the rake angle of about 50 NW in Fig. 8b) . The Kermanshah Fault, the other major fault of the KS area, emplaces the Radiolarite rocks over the Arabian Platform (Figs. 1 and 2 ).
In addition, early faults are also mapped in the Radiolarite and Bisotoun zones (Fig. 9a) . Using asymmetric geometry of folds as kinematic indicators (e.g., Doblas, 1998) , these early faults in the Bisotoun zone and the NE margin of the Radiolarite zone have dextral-reverse kinematics (Fig. 9a) , while in the central and SW parts of the Radiolarite zone they have both dextral-reverse and reverse kinematics (Fig. 9a) .
Folds
In the Radiolarite zone, spectacular map-scale folds are recognized in the field within alternating thick-bedded radiolarite, pelagic limestone and shale strata (Figs. 9b and 10 ).
According to classification of Fleuty (1964) , these folds are classified into three main classes as reclined, plunging inclined and horizontal inclined folds. Using criteria by Jones et al. (2004) , these folds' geometries are referred to different kinematic and shear strain scenarios (Fig. 11) . Reclined and plunging inclined folds are referred to here as dextral strike-slip dominated domains (Figs. 9b, 10 , 11a, b and 12a, b), whereas horizontal inclined folds are mapped in reverse dominated domains (Figs. 9b, 10, 11c and 12c respectively) . In narrow bands within both domains, reclined and plunging inclined folds (in dextral strike-slip domain) and horizontal inclined folds (in reverse domains) are more abundant (Fig. 9b). 
Late structures
The NW-trending Marekhil and Ravansar faults are two main strike-slip faults in the KS area, striking subparallel to the main trend of the Zagros (Figs. 7 and 14d) . These faults formed an en echelon array, named hereafter as the Marekhil-Ravansar fault system. The Marekhil Fault (MF) offsets the early structures such as the Marekhil Anticline (MA in Fig. 13 ) and the Kermanshah Reverse Fault with a dextral offset of ca. 32 km (KF in Fig. 13 ). The southeast sector of the MF overprint the HZF (Fig. 7) . Similarly, the Ravansar Fault (RF in Fig. 7 ) also offsets the KF (Fig. 7) .
In some faults, two sets of fault striations are observed that are interpreted as the early reverse (S1 in Fig. 14) and the late strike-slip kinematics (S2 in Fig. 14) .
Structure of the Salas area
Geometry and kinematic analysis of faults and related folds in the Salas area (Fig. 15) showed that similar to the other regions in the Zagros Folded Belt zone, the main fault systems are thrusts (e.g., Berberian, 1995;  McQuarrie et al., 
Discussion
The obduction of the Neotethyan oceanic crust over the Bisotoun zone occurred in the Maastrichtian-Paleocene along the so-called Main Zagros Thrust (Takin, 1972; Berberian, 1995) (Fig. 17a) . Continuous subduction of the oceanic crust resulted in formation of the Gaveh Rud volcanic arc and Sanandaj-Sirjan metamorphic zone (Fig. 17b) . In the late Eocene to early Miocene (Allen and Armstrong, 2008; Agard et al., 2005 Agard et al., , 2011 Mouthereau et al., 2012) , the Zagros collision zone formed by sequential emplacement of the Gaveh Rud volcanic arc (Homke et al., 2010; Vergés et al., 2011; Ali et al., 2013) and Sanandaj-Sirjan metamorphic zone (Berberian, 1995; McQuarrie and van Hinsbergen, 2013) over the ophiolite zone (Fig. 17c) . These major compressional events in the northeastern margin of the Arabian Platform can be classified into the Late Cretaceous oblique obduction related transpressional deformation and Cenozoic partitioning of oblique convergence, described in more detail in the following sections.
Late Cretaceous oblique obduction related transpressional deformation
The early structures mapped in the Bisotoun and Radiolarite zones (Figs. 9 and 12) are considered to be the result of the Neotethys oceanic crust obduction. This obduction occurred in the Late Cretaceous (Kazmin et al., 1986; Agard et al., 2005; Wrobel-Daveau et al., 2010; Vergés et al., 2011; Karim et al., 2011) but it is here considered to continue to the Maastrichtian-Paleocene (Fig. 17a) . Reconstruction of the Neotethys using global plate motions constrains the Zagros oblique convergence in the Late Cretaceous (Seton et al., 2012) . About 49 km (79 %) of shortening as obtained by restoration of the regional balanced geological cross section (Fig. 6b) is proposed for the Late Cretaceous oblique obduction event. In the Radiolarite zone, the early stage structures partitioned between dextral strike-slip dominated and reverse dominated domains (Figs. 9 and 10) are indicative of the Late Cretaceous transpressional deformation related to the oblique obduction (Fig. 17a) . In the Bisotoun and NE margin of the Radiolarite zones, the structures related to oblique obduction are demonstrated only by dextral-reverse faults (Fig. 9a) .
Cenozoic partitioning of oblique convergence
The main stage of deformation in the Zagros orogeny occurred during the Cenozoic (e.g., Falcon, 1974; Berberian and King, 1981) . It is proposed here that 13 km (16.5 %) of shortening measured by restoration of the regional cross section (Fig. 6b ) occurred in the Cenozoic. Despite the contrasting interpretations regarding the Cenozoic tectonics, it is widely accepted that the strike-slip component of the Zagros oblique convergence is accommodated by the belt-parallel strike-slip faults (Talebian and Jackson, 2002; McQuarrie et al., 2003; Fakhari et al., 2008; Axen et al., 2010) . The Marekhil-Ravansar fault system (Figs. 2 and 7) in the study area is evidence for such strike-slip faulting. This fault system laterally cuts the early structures of the dextral strikeslip dominated and reverse dominated domains (Figs. 9b and  10 ). The presence of later strike-slip faulting in the Radiolarite and High Zagros zones implies that strike-slip faulting is not confined to the MRF but distributed in the outer parts of the Zagros orogeny ( Fig. 17c and d) . The existence of these later strike-slip faults is also documented by Gavillot et al. (2010) in the High Zagros zone farther to the southeast. The measured 32 km of strike-slip displacement along the MF (Fig. 13b) implies that, apart from the MRF, the Marekhil-Ravansar Fault system has also accommodated a large amount of the Cenozoic strike-slip movement. About 50 km of the Cenozoic strike-slip displacement is proposed by Talebian and Jackson (2002) for the MRF. In the study area, however, up to 16 km of strike-slip displacement for the MRF is suggested (Copley and Jackson, 2006; Alipoor et al., 2012) . We propose that in the study area much of the 50 km of the Cenozoic strike-slip displacement proposed by Talebian and Jackson (2002) has been accommodated by the Marekhil-Ravansar fault system (Figs. 2 and 6 ).
Towards the Folded Belt zone part of the study area (the Salas area), faults are generally thrusts laterally cut by strikeslip faults (Figs. 2 and 15) . Like the major transverse strikeslip faults in other parts of the Zagros Folded Belt zone (e.g., the Kazerun Fault; Authemayou et al., 2006) , these strikeslip faults are more likely basement-controlled (e.g., Berberian, 1995; Hessami et al., 2001; Bahroudi, 2003) . Fig. 9b ; the black lines are the late strike-slip faults.
Constraints for Arabia-Eurasia oblique convergence
There are two interpretations for initiation of the oblique convergence of the Arabia-Eurasia plates along the Zagros. In the first interpretation, Pliocene (3-5 Ma) initiation of the Zagros oblique convergence is suggested (e.g., Talebian and Jackson, 2002) , whereas in the second interpretation oblique collision began in the early to middle Miocene (19-15 Ma; Gavillot et al., 2010) or earlier (Allen et al., 2004; . The structural data presented in this paper are consistent with oblique convergence of the Arabia and Eurasia plates along the Zagros since the Late Cretaceous. We do not support a scenario for a change in the Arabia-Eurasia convergence from an orthogonal to an oblique direction (e.g., Navabpour and Barrier, 2012; Mouthereau et al., 2012) . Thus, we propose that the Arabia-Eurasia oblique convergence along the Zagros occurred during all stages of the Zagros orogeny since the Late Cretaceous. Reconstructions of the Neotethys indicating oblique convergence of the Arabia and Eurasia plates since the Middle Jurassic (Seton et al., 2012) or Cretaceous (McQuarrie and van Hinsbergen, 2013) provide support for this proposal.
Conclusions
The main outcomes of this study are summarized as follows. The presence of dextral strike-slip dominated and reverse dominated domains within the Radiolarite zone are indicative of oblique convergence during the Late Cretaceous obduction of the Neotethian oceanic realm onto the Arabian plate.
Zagros oblique convergence continued in the Cenozoic by southwestward propagation of the Zagros orogeny and resulted in development of thrust faults and related folds (in the Zagros Folded Belt zone) as well as overprinting of orogen-parallel strike-slip faults on the earlier Late Cretaceous obduction-related structures.
Restoration of the regional cross section across the Zagros collision zone demonstrated that a large amount of shortening (79 %) occurred during the Late Cretaceous obduction. Propagation of the Zagros orogeny toward its more external part (i.e., the Zagros Folded Belt zone) in the Late Tertiary resulted in 16.5 % of shortening.
Cenozoic (early to middle Miocene) strike-slip faulting is not confined to the Zagros suture zone (i.e., the MRF), but it is distributed towards the more external parts of the orogen (i.e., along the Marekhil-Ravansar fault system). (Fig. 9b) . Note that the dextral strike-slip dominated domain (pinkish color area) is located within the reverse dominated domains. Distribution of the dextral transpressional deformation in the Kurdistan area of the Zagros indicates that oblique convergence of the Arabia-Eurasia plates guided the entire history of the Zagros orogeny (since the Late Cretaceous). Agard et al. (2005 Agard et al. ( , 2011 , Vergés et al. (2011) and Farahpour and Hessami (2012) .
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